This article is available online at http://www.jlr.org Glycosphingolipids (GSLs), amphipathic compounds consisting of oligosaccharides and ceramide (Cer) moieties, are ubiquitous in the outer leafl et of the plasma membrane. More than 500 species of GSLs differing in oligosaccharides and Cer moieties have been characterized, some of which represent potential biomarkers for diseases and cell development. For instance, Forssman antigen is specifi cally detected in some gastric, colonic, and lung cancers ( 1 ), and stage-specifi c embryonic antigen (SSEA)-3 and SSEA-4, highly expressed at a stage of embryonic development, are utilized as a marker of embryonic stem cells ( 2 ) and induced pluripotent stem cells ( 3 ).
EXPERIMENTAL PROCEDURES

Materials
LA taq was purchased from Takara Bio Inc., Japan. The restriction enzyme and Ligation-Convenience Kit were obtained from Nippon Gene, Japan. Precoated Silica gel 60 TLC plates were purchased from Merck, Germany. GD1a, GM1a, Gb4Cer, GlcCer, GM3, and GM4 were purchased from Wako Pure Chemical Industries, Japan. Gb3Cer was obtained from Nacalai Tesque, Japan. C12-NBD-Gb3Cer was purchased from Matreya, USA. LacCer was purchased from Sigma-Aldrich, Germany. Forssman antigen was kindly donated by Dr. M. Suzuki, RIKEN, Japan. NeogalatriaosylCer (trigalactosylCer, TGC) was prepared from the turban shell of Turbo cornutus by a method described previously ( 28 ) . Fucosyl-GM1a was prepared from porcine brain as described ( 27 ) . C12-NBD-GM1a was also prepared as reported previously ( 29 ) . Triton X-100 was obtained from Sigma-Aldrich. The electro-competent cells of R. erythropolis JCM3201 were prepared as described ( 30 ) .
Cloning of a gene encoding EGCase I 2
A putative gene encoding EGCase I was found in the R. equi genomic database ( 31 ) by TBLASTN using the amino acid sequence of EGCase II or EGALC as a query. Genomic DNA of R. equi M-750 was prepared as described previously ( 11 ) and used as a template for amplifying egcase I . PCR was carried out using the following two primers for amplifi cation of egcase I : LCH169-E1S (5 ′ -GG CATATG CGCAAAACCGTTGTCGCATTCG-3 ′ ) and LCH169-E1A (5 ′ -CC AAGCTT GGAGCTTCCGGAGCTGC-3 ′ ). These two primers contained a Nde I site and an Hin dIII site, respectively. The conditions for amplifi cation were 30 cycles (each consisting of denaturation at 98°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 120 s) using TaKaRa LA Taq DNA polymerase. The amplifi ed product was digested with Nde I and Hin dIII, and inserted into the corresponding sites of pTip LCH 2.2 ( 30 ) to generate a C-terminal His 6 -tagged protein. The recombinant plasmid was designated as pTip-EGCI.
Sequence analysis and homology modeling of EGCase I
The alignment of amino acid sequences of EGCase I and II and EGALC were conducted with CLUSTAL X ( 32 ) and shaded in ESPript 2.2 ( 33 ) . A three-dimensional model of EGCase I was built by MODELER 8v2 ( 34 ) based on the crystal structure of the catalytic domain of EGCase II ( 17 ) (PDB ID: 2osw, 2osx and 2osy). The model was validated by the PROCHECK program ( 35 ) . The secondary structure of jellyfi sh EGCase ( 15 ) was predicted by PSIPRED v3.0 ( 36 ) .
Expression and purifi cation of the recombinant EGCase I
R. erythropolis JCM3201 cells were mixed with 100 ng of pTip-EGCI and transferred to a 0.2 cm gap cuvette (Bio-Rad) and electroporated (2.5 kV, 25 F, 400 ⍀ ) with Gene pulser II (Bio-Rad). The electroporated cells were transferred to Luria-Bertani agar plates supplemented with 30 g/ml chloramphenicol and incubated at 30°C for 4 days. Transformed R. erythropolis JCM3201 cells were grown at 30°C for 48 h in 20 ml of Luria-Bertani medium supplemented with 30 g/ml chloramphenicol with shaking. The culture was then transferred into 200 ml of fresh medium and incubated until the A 600 reached approximately 0.6. Thiostrepton was added at a fi nal concentration of 1 g/ml to cause transcription. After 24 h at 30°C, the cells were harvested by centrifugation (7,500 g for 10 min) and the supernatant was saturated with 70% ammonium sulfate and left overnight at 4°C. The precipitate was collected with centrifugation at 7,500 g for 60 min at 4°C, and dissolved in 20 ml of 20 mM sodium phosphate buffer, were found in actinomycetes ( 7 ) and the leech ( 8 ), designating endoglycoceramidase (EGCase) and Cer glycanase, respectively. (EC 3.2.1. 123). Three molecular species of EGCase (EGCase I, II, and III) were found in the culture fl uid of Rhodococcus equi (formerly named Rhodococcus sp. M-750) ( 9 ), a pathogen causing bronchopneumonia in horses ( 10 ) . Two (EGCase II and III) of three EGCase species have been cloned from R. equi M-750 and characterized ( 11, 12 ) . EGCase II mainly hydrolyzed ganglio-and lacto-series GSLs, whereas globo-series GSLs are hydrolyzed very slowly and 6-gala-series GSLs, possessing a common structure R-Gal ␤ 1-6Gal ␤ -Cer , are completely resistant to hydrolysis by EGCase II ( 9 ) . In contrast, EGCase III (renamed endogalactosylceramidase, EGALC) hydrolyzed 6-gala-series GSLs but not ganglio-, lacto-and globoseries GSLs ( 12 ) . Enzymes possessing similar specifi city to EGCase II have been found not only in actinomycetes ( 7, 9 ) and the leech ( 8, 13 ) , but also in earthworm ( 14 ) , jellyfi sh ( 15 ) and hydra ( 16 ) . The molecular cloning of animal EGCase has been performed in the last two animals. Molecular cloning ( 11 ) and X-ray crystal analysis ( 17 ) of EGCase II revealed that the enzyme, belonging to glycoside hydrolase (GH) family 5, was composed of an N-terminal ( ␤ / ␣ ) 8 domain and a C-terminal ␤ -sandwich domain.
The oligosaccharides released by EGCases could be labeled by aromatic amine-based fl uorescent reagents (18) (19) (20) (21) (22) and analyzed sensitively by HPLC and MS or LC-MS ( 23 ) . Recently, Fujitani et al. ( 24 ) reported the cellular glycomics of GSLs based on the preparation of oligosaccharides with rhodococcal EGCase followed by glycoblotting and MALDI-TOF/TOF-MS. Jellyfi sh EGCase and rhodococcal EGALC were also utilized for the synthesis of fl uorescent GSLs and neoglycoconjugates by utilizing their transglycosylation reactivity ( 25, 26 ) .
A recombinant rhodococcal EGCase II is now commercially available. However, the enzyme is not suitable for a comprehensive analysis of GSLs because of its narrow specifi city, e.g., weak activity for globo-series GSLs and fucosyl-GM1a ( 27 ) . It is worth noting that biologically important antigens such as Forssman, SSEA-3, and SSEA-4 are globo-series GSLs ( 1, 2 ) .
This study describes the fi rst molecular cloning and characterization of EGCase I, expressed in R. erythropolis by a rhodococcal expression system. The recombinant EGCase I was found to exhibit broad specifi city and good reaction effi ciency compared with EGCase II and EGALC: i.e., the recombinant EGCase I effi ciently hydrolyzed not only ganglio-series GSLs but also globo-series GSLs and fucosyl-GM1a. Furthermore, we report a distinct structural difference, which may explain in part the difference in specifi city and reaction effi ciency between EGCase I and EGCase II, based on the three-dimensional structure of both EGCases.
The broad specifi city and good reaction effi ciency make EGCase I the best enzyme reported so far for detaching the oligosaccharide moiety from various GSLs, and the enzyme could be applicable for the comprehensive analysis of GSLs.
loop-deleted EGCase II ( ⌬ loop) was introduced into Escherichia coli BL21 (DE3). Transformed cells were grown at 37°C for 12 h in 5 ml of Luria-Bertani medium supplemented with 100 g/ml carbenicillin. The culture was then transferred into 500 ml of the same medium and incubated at 25°C until the A 600 reached 0.5. Isopropyl ␤ -D -thiogalactopyranoside was added to the culture at a fi nal concentration of 1 mM to cause transcription. After 16 h at 18°C, the cells were harvested by centrifugation (7,500 g for 10 min) and suspended in 50 mM sodium phosphate buffer, pH 7.4. After sonication for 150 s, cell debris was removed by centrifugation (25,000 g for 30 min at 4°C) then purifi ed on a column of Ni Sepharose 6 Fast Flow as described above. To perform the Western blotting, proteins separated by SDS-PAGE were transferred to a polyvinylidene difl uoride membrane using a semi-dry blotter (Bio-Rad). The membrane was blocked with 3% (w/v) skim milk in TBS for 1 h and washed three times with T-TBS (TBS containing 0.02% Tween 20). The membrane was incubated with anti His 6 antibody (Invitrogen) for 2 h at room temperature and washed three times with T-TBS. Then it was incubated with HRPconjugated anti-mouse IgG goat antibody for 1.5 h at room temperature. After three washes with T-TBS, the membrane was stained with a peroxidase staining kit (Nacalai Tesque) according to the instructions of the manufacturer.
Kinetic study
For the kinetic analysis, EGCase I (5 ng for GM1a or 10 ng for Gb3Cer) was incubated at 37°C for 10 min in 20 l of the reaction buffer. EGCase II and the ⌬ loop mutant were assayed at 37°C for 10 min (for GM1a) or 60 min (for Gb3Cer) in the reaction buffer with 50 ng (for GM1a) or 400 ng (for Gb3Cer) of enzyme in a total volume of 20 l. The concentration of substrates was 1.5-1,500 M. The parameters K m and k cat were obtained by fi tting the experimental data to the Michaelis-Menten kinetics model.
RESULTS
Molecular cloning of EGCase I from genomic DNA of R. equi M-750
Three EGCases differing in specifi city were found in the culture fl uid of Rhodococcus sp. M-750 ( 9 ), which was recently identifi ed as R. equi . The cloning of EGCase II and III (renamed EGALC) revealed the two enzymes to be homologous in primary structure (26% identity at the amino acid level) ( 12 ) , suggesting that EGCase I is also homologous to EGCase II and EGALC. Actually, a search using the amino acid sequence of EGCase II or EGALC as a query specifi ed a high-scoring segment pair (HSP) sequence from 4063996 to 4065273 in the R. equi genome database ( 31 ) . The deduced amino acid sequence of this HSP showed 28% and 29% identity with EGCase II and EGALC, respectively. We cloned the open reading frame (ORF) containing this HSP sequence from the genomic DNA of R. equi strain M-750. The DNA sequence of the cloned ORF showed 89.6% identity with that of corresponding HSP in the genome database. Multiple alignment of the deduced amino acid sequence of the ORF with EGCase II and EGALC showed that 8 amino acid residues, which are essential for the catalytic activity of GH5 glycosidases ( 38 ) , were all conserved in the ORF ( Fig. 1 ). Among the 8 residues, two glutamates, Glu 214 and Glu 339 at the end of ␤ -strand 4 and 7, were considered as an acid/base pH 7.4. The sample solution was applied to a column of Ni Sepharose 6 Fast Flow (GE Healthcare) equilibrated with 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl, and the column was washed with 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 50 mM imidazole. The recombinant EGCase I was eluted from the column with 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 200 mM imidazole. The purifi ed enzyme was dialyzed against 20 mM sodium acetate buffer, pH 5.5.
Protein assay and SDS-PAGE
Protein content was determined by the bicinchoninic acid protein assay (Pierce) with BSA as a standard. SDS-PAGE was carried out according to the method of Laemmli ( 37 ) . The proteins were stained with Coomassie Brilliant Blue (CBB).
EGCase assay and defi nition of enzyme units
The activity of EGCase was measured using GM1a as a substrate. Two nmol of GM1a was incubated at 37°C with an appropriate amount of enzyme in 20 l of reaction buffer [50 mM sodium acetate buffer, pH 5.5 containing 0.1% (w/v) Triton X-100]. The reaction was terminated by heating in a boiling water bath for 5 min. After drying using a Speed Vac concentrator, the sample was dissolved in 10 l of methanol and applied to a TLC plate, which was developed with chloroform-methanol-0.02% CaCl 2 (5:4:1, v/v/v). The remaining GM1a and oligosaccharide generated by hydrolysis were visualized by spraying the TLC plate with orcinol-H 2 SO 4 reagent and scanned with a Shimadzu CS-9300 chromatoscanner with the refl ection mode set at 540 nm. The extent of hydrolysis was calculated as follows: hydrolysis (%) = (peak area for oligosaccharide) × 100 / (peak area for oligosaccharide + peak area for remaining substrate). One unit of EGCase was defi ned as the amount of enzyme that hydrolyzes 1 mol of GM1a per min under the conditions described above.
When the substrate specifi city of EGCase I was compared with that of EGCase II, the same amount of enzyme protein ( Fig. 2B ) or the same amount of enzyme unit ( Fig. 2C ) was used for the assay. In the latter experiment ( Fig. 2C ) , both enzyme activities were standardized using GM1a.
Assay of transglycosylation activity of EGCase I
The transglycosylation reaction of EGCase I was carried out using GM1a as a donor substrate and various alkanols as an acceptor substrate. The reaction mixture contained 2 nmol of GM1a and 1 mU of the enzyme in 20 l of 50 mM sodium acetate buffer, pH 5.5, containing 0.1% Triton X-100 and 10% 1-alkanols. After incubation at 37°C for 30 min, the reaction was stopped by heating in a boiling water bath for 5 min. The reaction mixture was evaporated dry, dissolved in 10 l of methanol, and applied to a TLC plate, which was then developed with chloroformmethanol-0.02% CaCl 2 (5:4:1, v/v/v). GSLs and transglycosylation products were visualized by spraying the TLC plate with orcinol-H 2 SO 4 reagent and quantifi ed with the CS-9300 at 540 nm.
Expression and purifi cation of loop-deleted mutant EGCase II
The ⌬ loop (loop-deleted mutant) EGCase II, which lacks residues from Asn 148 to Gly
154
, was generated by PCR using a PrimeSTAR Mutagenesis Basal Kit (Takara Bio) according to the instruc tions of the manufacturer with a pTEG3 plasmid containing egcase II C-terminal His6-tagged EGCase II ( 11 ) as a template, EGC2Deli-S (5 ′ -CCGGAG GG CGCCATCGGCAACGGCGCA-3 ′ ) as a sense primer, and EG C2Deli-A (5 ′ -CGGCTACCGC GGGAGGCCC CAC-TAGCG-3 ′ ) as an anti-sense primer. After confi rmation of the desired mutations by DNA sequencing, the plasmid containing by guest, on November 8, 2017 www.jlr.org
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Purifi cation of the recombinant EGCase I expressed in R. erythropolis
At fi rst, we expressed the recombinant EGCase I in E. coli BL21 (DE3). However, the expression level of the protein was insuffi cient to characterize this enzyme. Thus, we used a novel rhodococcal expression system with R. erythropolis as the host cell ( 30 ) to express the recombinant catalyst and nucleophile, respectively ( 12, 17 ) ( Fig. 1 ) ( Fig. 1 ) ( 39 ) , strongly suggesting the ORF encodes EGCase I. The sequence upstream from the N-terminal Ala was predicted to be a secretory signal peptide. ( Fig. 2B ) . Figure 2C shows the time course for the hydrolysis of fucosyl-GM1a and Gb3Cer with the same units of recombinant EGCase I and II (0.4 mU for fucosyl-GM1a and 2.5 mU for Gb3Cer), indicating that EGCase I hydrolyzed these GSLs much faster than did EGCase II ( Fig. 2C ) .
Kinetic parameters of EGCase I and EGCase II
Steady-state kinetic parameters of EGCase I and EGCase II were determined using GM1a (ganglio-series GSL) and Gb3Cer (globo-series GSL). Although the Michaelis constant ( K m ) of both enzymes was similar for the two substrates ( Table 2 , EGCase I and EGCase II), the turnover numbers ( k cat ) of EGCase I toward GM1a and Gb3Cer were 22-and 1,209-fold higher than those of EGCase II, respectively ( Table 2 , EGCase I and EGCase II), indicating that EGCase I exhibits a high reaction effi ciency toward these substrates. Furthermore, the substrate specifi city of the enzymes was shown to be clearly different, i.e., the k cat /K m of EGCase II was 44.7-fold higher for GM1a than Gb3Cer, whereas that of EGCase I was only 1.7-fold higher for GM1a than Gb3Cer ( Table 2 ) , indicating Gb3Cer is resistant to hydrolysis by EGCase II but not EGCase I. These results EGCase I. The expression vector was designed to contain a secretory signal peptide of EGCase I per se at the N-terminal end ( Fig. 1 ) and His 6 -tag at the C-terminal end. The expression of the recombinant EGCase I was found in the culture supernatant of R. erythropolis transformed with the putative EGCase I gene but not mock transfectant (data not shown). The recombinant enzyme was precipitated by ammonium sulfate from the culture supernatant and purifi ed on a Ni Sepharose 6 Fast Flow column ( Fig. 2A ) . In a typical experiment, 1 mg of the purifi ed EGCase I was obtained from a 1 L culture of the transformed R. erythropolis .
Substrate specifi city of the recombinant EGCase I
The substrate specifi city of the recombinant EGCase I was examined using various GSLs ( Table 1 ). The enzyme hydrolyzed various GSLs possessing the ␤ -glucosyl-Cer linkage, i.e., ganglio-and globo-series GSLs, LacCer, although the hydrolysis of GlcCer was very slow under the conditions used ( Table 1 ) . On the other hand, GSLs possessing the ␤ -galactosyl-Cer linkage, e.g., TGC, sulfatide, and GM4, were completely resistant to hydrolysis by the enzyme. Sphingomyelin is not a substrate for EGCase I, EGCase II, or EGALC.
Next, the specifi city of EGCase I was carefully compared with that of EGCase II using fucoysl-GM1a, Gb3Cer, and EGCase II ( 17 ) as a template ( Fig. 4A , blue) . The model showed a ( ␤ / ␣ ) 8 barrel structure typical for GH family 5 glycosidase. The crystal structure of EGCase II shows a highly disordered and fl exible loop region (Pro 145 to Gly 154 ) hanging over the active site ( 17 ) . This region was absent in EGCase I ( Fig. 4A, B ) . Jellyfi sh EGCase ( 15 ), with similar specifi city to EGCase II but not EGCase I, also possessed the random coil loop at the corresponding position ( Fig. 4B ) .
To examine the effect of a fl exible loop on the specifi city and reaction effi ciency of EGCase II, a mutant EGCase II ( ⌬ loop) which lacks the region (Asn 148 -Gly 154 ) was generated and purifi ed ( Fig. 4C ) . The activity of the purifi ed mutant was increased about 2.5-fold compared with that of the wild-type EGCase II when measured using GM1a and Gb3Cer as a substrate ( Fig. 4D,  E ) . A steady-state kinetic analysis indicated that k cat and k cat /K m values were signifi cantly increased, but the K m value was almost the same as that of the wild-type enzyme ( Table 2 , EGCase II, and ⌬ loop EGCase II). These results indicate that the loop is a critical factor affecting the turnover of substrates and products in the catalytic region of EGCase II.
indicated that EGCase I shows broad specifi city and good reaction effi ciency compared with EGCase II.
General properties of the recombinant EGCase I
The recombinant EGCase I showed strong activity under weakly acidic conditions with a maximum pH at 5.5-6.0 when GM1a was used as a substrate ( Fig. 3A ) ; this pH optimum was similar to that of EGCase II and EGALC ( 12 ) . The activity was enhanced by addition of the nonionic detergent Triton X-100 or an organic solvent, such as dimethylformamide (DMF), tetrahydrofuran (THF), or dimethylsulfoxide (DMSO), into the reaction mixture ( Fig. 3B ) . Like jellyfi sh EGCase and rhodococcal EGALC, EGCase I catalyzed a transglycosylation reaction by which the oligosaccharide moiety of GM1a was transferred to the primary hydroxyl group of various 1-alkanols ( Fig. 3C ) . Among 1-alkanols tested, EGCase I preferred alkanols with a relatively long carbon chain such as pentanol and hexanol as an acceptor substrate ( Fig. 3C ) .
Mechanical insights into the difference in reaction effi ciency between EGCase I and EGCase II
A three-dimensional model of EGCase I was generated by homology modeling using the crystal structure of Various GSLs (2 nmol) were incubated at 37°C for 12 h with 1 mU (or 10 mU) of recombinant EGCase I in 20 l of 50 mM sodium acetate buffer, pH 5.5, containing 0.1% Triton X-100. Values represent the mean ± SD (n = 3).
a The extent of hydrolysis was calculated as follows: hydrolysis (%) = (peak area for oligosaccharide) × 100 / (peak area for oligosaccharide + peak area for remaining substrate).
b Not detected. c The number in parenthesis represents the hydrolysis of GSLs by using 10 mU of EGCase I. ( 9, 11, 27 ) . EGCase II is currently used to obtain intact oligosaccharides and Cers from GSLs. However, EGCase I would be more useful for this purpose because of the broad specifi city and good reaction effi ciency shown in this study. EGCase or Cer glycanase has been found in both prokaryotes and eukaryotes, i.e., actinomycetes ( Rhodococcus sp. and Corynebacterium sp.) ( 7, 40, 41 ) , leeches ( Hirudo medicinalis and Macrobdella decora ) ( 8, 13 ) , hard-shelled clams ( Merecenaria merecenaria ) ( 20 ) , earthworms ( Lumbricus terrestaris ) ( 14 ) , jellyfi sh ( Cyanea nozakii ) ( 15 ) , and hydra ( Hydra magnipapillata ) ( 16 ) . The EGCases from the jellyfi sh and hydra exhibit the EGCase II-like specifi city, i.e., they hydrolyzed ganglio-series GSLs much faster than globo-series GSLs ( 15, 16 ) , whereas the enzymes from the leech and earthworm show an EGCase I-like specifi city, i.e., the enzymes hydrolyzed globo-series GSLs as well as ganglio-series GSLs with a similar effi ciency ( 13, 42 ) . In this context, the leech enzyme is also useful for the preparation of oligosaccharides from various GSLs ( 22 ) . However, the gene encoding it has yet to be cloned, and thus, a recombinant enzyme is not available at present.
EGCase I, like other EGCases ( 7, 8, 12, 15 ) , required a detergent for the effi cient hydrolysis of GSLs ( Fig. 3B ) , possibly because GSL substrates are hydrophobic and do not dissolve well in the reaction buffer without a detergent. Triton X-100 was effective for the hydrolysis of GSLs by EGCase I ( Fig. 3B ) ; however, it is not easy to remove after the reaction, interfering with the analysis of GSLoligosaccharides by the MS analysis. Alternatively, organic solvents such as DMF, THF, and DMSO were found to be effective for the hydrolysis of GSLs by EGCase I in place of detergents ( Fig. 3B ) . The use of organic solvents, which could be removed by drying under N 2 gas or Speed-Vac concentrator, did not affect the MS analysis.
We found that EGCase I catalyzes a transglycosylation reaction, which transfers the sugar moiety of GSLs to the primary hydroxyl group of several 1-alkanols ( Fig. 3C ) . Previously, we utilized the transglycosylation reaction of EGALC to label the oligosaccharide moiety of GSLs with fl uorescent alkanols ( 43 ) . The fl uorescent oligosaccharides obtained were successfully separated by TLC as well as HPLC, and were sensitively detected by a fl uorescent detector ( 16 ) . Using the EGCase I, transglycosylationbased direct fl uorescent labeling could be applicable for various GSLs including globo-series GSLs.
A comparison of the three-dimensional structure of EGCase II (crystal) and EGCase I (model) may provide mechanical insights into the difference in the effi ciency of these two enzymes. That is, a fl exible loop hanging over the catalytic cleft is present in EGCase II but not EGCase I. The complex structure of EGCase II with GM3 (NeuAc ␣ 2-3 Gal ␤ 1-4Glc ␤ -Cer) revealed that the 4-hydroxyl group of the internal ␤ -galactose in GM3 is located close to the loop ( 17 ) . On the other hand, the 4-hydroxyl group is substituted with ␣ -galactose in globo-series GSLs such as Gb3Cer (Gal ␣ 1-4Gal ␤ 1-4Glc ␤ -Cer), suggesting that the presence of a loop could affect the turnover of substrates and products in the catalytic region. The loop is completely lacking
DISCUSSION
In this study, we cloned the gene encoding EGCase I and showed a reproducible and effi cient method to prepare a recombinant enzyme using a rhodococcal expression system. The recombinant EGCase I effi ciently hydrolyzed globo-series GSLs and fucosyl-GM1a ( Fig. 2 ) , which are strongly resistant to hydrolysis by EGCase II in EGCase I ( Fig. 4A, B ) , which may be why EGCase I hydrolyzes Gb3Cer much faster than EGCase II. Actually, the deletion of the loop in the mutant EGCase II ( ⌬ loop EGCase II) improved the hydrolysis of Gb3Cer ( Fig. 4D, E ) . The kinetic analysis indicated that the turnover number ( k cat ) of ⌬ loop EGCase II increased but the K m value was unchanged compared with the wild-type EGCase II ( Table 2 ) . These results may indicate that this loop is not likely to interfere with the binding of the substrate to the active site but rather inhibits the release of products from the active site. Elucidating the complex crystal structure of EGCase I with Gb3Cer is required for further analysis of the interaction between the substrate and enzyme, and this is being attempted in our laboratory.
A high-throughput analysis of GSLs was conducted using oligosaccharides obtained by the ozonolysis of GSLs ( 44 ) . However, the chemical method resulted in a low yield of GSL-oligosaccharides ( 6 ) . Furthermore, intact Cers were not obtained. The use of EGCase provided intact oligosaccharides as well as Cers from GSLs with a high yield. Recently, Fujitani et al. ( 24 ) reported a comprehensive analysis of GSLs in various cells by EGCase-based cleavage of GSLs, followed by glyco-blotting and MALDI-TOF/ TOF MS analysis. They indicated that the use of a mixture of EGCase I and II is effective for detaching the GSLoligosaccharides quantitatively from various cells, because EGCase I hydrolyzed effi ciently globo-series GSLs and EGCase II, lacto-series GSLs ( 9 ) .
EGCase I, occasionally in combination with EGCase II, depending on the species of GSLs in samples, could become a powerful tool for the comprehensive analysis of GSLs, and may lead to the discovery of GSLs as new biomarkers of diseases and different cell lineages.
